Abstract-Carbon nanomaterials have become increasingly popular microelectrode materials for neuroscience applications. Here we study how the scale of carbon nanotubes and carbon nanofibers affect neural viability, outgrowth, and adhesion. Carbon nanotubes were deposited on glass coverslips via a layer-by-layer method with polyethylenimine (PEI). Carbonized nanofibers were fabricated by electrospinning SU-8 and pyrolyzing the nanofiber depositions. Additional substrates tested were carbonized and SU-8 thin films and SU-8 nanofibers. Surfaces were O2-plasma treated, coated with varying concentrations of PEI, seeded with E18 rat cortical cells, and examined at 3, 4, and 7 days in vitro (DIV). Neural adhesion was examined at 4 DIV utilizing a parallel plate flow chamber. At 3 DIV, neural viability was lower on the nanofiber and thin film depositions treated with higher PEI concentrations which corresponded with significantly higher zeta potentials (surface charge); this significance was drastically higher on the nanofibers suggesting that the nanostructure may collect more PEI molecules, causing increased toxicity. At 7 DIV, significantly higher neurite outgrowth was observed on SU-8 nanofiber substrates with nanofibers a significant fraction of a neuron's size. No differences were detected for carbonized nanofibers or carbon nanotubes. Both carbonized and SU-8 nanofibers had significantly higher cellular adhesion post-flow in comparison to controls whereas the carbon nanotubes were statistically similar to control substrates. These data suggest a neural cell preference for larger-scale nanomaterials with specific surface treatments. These characteristics could be taken advantage of in the future design and fabrication of neural microelectrodes.
I. INTRODUCTION
T HE development and design of electronics and devices that interface with the nervous system is a hotly studied field in biomedicine. Microelectrodes have been utilized for treating the symptoms of patients suffering from ailments ranging from Alzheimer's and Parkinson's disease to treatment-resistant depression [1] - [3] . Though there has been great improvement in the development and application of neural prosthetics, particularly neural microelectrodes, there remain several serious challenges including the loss of physical and electrical contact between microelectrodes and neural tissue over time [4] .
For over 50 years, sharpened metal electrodes have been used as neural probes [5] . More recently, different materials ranging from silicon to flexible polymer electrodes have been utilized [6] , [7] . Innovations in neural electrode materials and designs have focused on more effectively integrating electrodes with neural tissue, improving the electrical characteristics, and optimizing the long-term electrode viability [8] - [10] .
Novel electrode materials, as they are developed, require biocompatibility assessments prior to implantation in vivo. These neural microelectrode materials are commonly tested in vitro using dissociated neurons, such as cortical [11] or hippocampal [12] neural networks, to observe any adverse effects the materials have on the biological tissue. Materials with different physical topographies, conductivities, and surface chemistries have been shown to have a significant effect on the viability and outgrowth of neurons in vitro [13] - [26] .
Carbon nanotubes (CNTs) and carbonized nanofibers (CNFs) are two popular microelectrode nanomaterials. These materials have been shown to be biocompatible when immobilized and are capable of improving the impedance and charge transfer of metal electrodes with a unique, nanoscale topography [27] - [31] . Interestingly, some research has shown that CNTs and CNFs not only improve electrode characteristics, but can also have some effects on neural and/or glial outgrowth and electrophysiology [14] , [22] , [32] - [39] . We are able to deposit these nanomaterials onto various substrates in patterned, uniform films on a large scale. Due to limitations with other deposition methods, such as electrodeposition, it is more difficult to produce these large, patterned depositions with other electroconductive materials, such as PEDOT [9] . This flexibility allows for the larger-scale experimentation with neural networks proposed in this work.
This study focuses on how variations in the scale of nanomaterial topography affects the viability, outgrowth, and adhesion of cortical neural cultures. CNTs deposited via a simple, layer-bylayer method form thin, conductive CNT-polyelectrolyte films. In contrast, CNFs and carbonized thin films (CTFs) deposited via an electrospinning/photo-patterning/carbonization method form a thicker film of conductive, carbon depositions. Additional, nonconductive nanofibers and thin films (made from the photopatternable epoxy SU-8) were fabricated using the same methods. The substrates were treated with -plasma or the cationic polymer polyethylenimine (PEI). Though PEI has been demonstrated to be toxic when in solution [40] , adsorbed it is a popular surface treatment to facilitate neural outgrowth [17] , [41] . PEI is a cheap material with a simple implementation that has been used for decades to functionalize surfaces to support neural viability and outgrowth [17] . PEI has also been demonstrated to be an effective cationic polymer to utilize in layer-by-layer assembly of various depositions [42] , [43] .Thus PEI is an attractive surface treatment for the purposes of this study.
We are interested in how neural tissue integrates with these carbon nanomaterials as these characteristics may have implications in their utilization as microelectrode materials in the future. We demonstrate here the effects of higher concentrations of the PEI surface treatment and rougher surface topographies (e.g., nanofibers) on the viability of neurons. Additionally, we demonstrate the extent to which neurons grow and integrate into different topographies by measuring neurite outgrowth and performing neural adhesion experimentation with parallel plate flow chambers.
II. MATERIALS AND METHODS

A. Preparation of SU-8 and Carbon Nanomaterial Substrates
Carbonized nanofibers (CNFs) were fabricated by our collaborators Jao et al. via their previously described methods [44] , [45] . In short, an SU-8 (2025, Microchem Inc.) solution was used to electrospin the nanofibers onto a polished silicon substrate. The nanofibers were then patterned by UV-lithography to produce patterned SU-8 nanofibers (NFs). These depositions can be carbonized in a tube furnace under forming gas at 1000 to produce carbonized nanofibers (CNFs); this pyrolysis causes the nanofibers to lose a significant portion of volume resulting in smaller, conductive, nearly pure carbon nanofibers. Patterned thin film substrates were prepared by spin-coating SU-8 onto a polished silicon wafer, followed by UV-lithography to produce SU-8 thin-films (TFs) which were carbonized to produce carbonized thin-films (CTFs). These four physically contrasting materials (CNFs, NFs, CTFs, and TFs) allow us to compare the effects of roughness, nanofeature scale, and the resulting carbonized nanomaterials on neural cell growth.
Carboxylated multi-walled carbon nanotubes (MWNTs; www. cheaptubes.com) were dispersed at 0.2 mg/mL in dimethyl formamide (DMF) by utilizing a pulsing (2 s on, 1 s off) ultrasonicator probe for 40 min. The solution was then centrifuged at 3000 g for 5 min and the supernatant was extracted. The thin films of CNTs were prepared on glass coverslips using the technique of layer-by-layer (LBL) assembly in conjunction with layers of poly(ethylenimine) (PEI). The nanotubes are electrostatically attracted to the positively charged PEI molecules on the substrate via their carboxyl groups resulting in a stable nanotube films. Briefly described, the glass coverslips were submerged fully into a solution of 0.1% PEI (w/v) in 18 de-ionized (DI) water followed by submerging the substrate halfway into dispersed MWNTs to coat half of the substrate with the deposition; this process, once completed, results in a single bilayer coating on half of the coverslip. This process was repeated to add additional bilayers. Each layerby-layer sample is designated as CNT-n where n is the number of bilayers. For this study, we utilized CNT-3 and CNT-9, denoting three and nine bilayers, respectively.
B. Surface Characterization
Surfaces were characterized via atomic force microscopy (AFM; VEECO Dimension 3100) and scanning electron microscopy (SEM; Hitachi S-4000 FE-SEM). Samples were sputter coated with a thin layer of gold palladium (AU-PD) with a Denton DeskV Sputter coater prior to SEM imaging. AFM micrographs were analyzed with Gwyddion 2.31, open-source scanning probe microscopy software [46] which provided the average roughness values. Ten 2-dimensional average roughness profiles were randomly chosen from each micrograph and averaged for the reported values. Nanofiber and nanotube widths (or feature widths) were measured from the SEM micrographs with ImageJ [47] . These values were compared to the average width of cortical neurites as measured using a 40X fluorescent image of a neural culture.
C. Surface Preparation and Cell Culture
The nanofiber (CNF and NF) and thin-film (CTF and TF) surfaces were treated with -plasma for 30 s followed by exposure to UV in a biosafety cabinet overnight. Surfaces were then treated with a sterilized 0.1% PEI, 0.001% PEI, 0.00001% PEI (w/v), or 0% PEI solution (denoted as the Plasma group) in 18 DI water. The surfaces were rinsed five times with sterile 18 DI water and dried via aspiration. CNT samples were sterilized in 70% ethanol solution for 15 min, rinsed with 18 DI water, and dried via aspiration.
E18 rat cortex (Brainbits, LLC) is dissociated according to the vendor's protocol. Specifically, the cortices were digested in sterile, 2 mg/mL papain in Hibernate E (Brainbits, LLC) at 35 for five minutes. The tissue clump was then removed from the papain solution and dispersed via trituration in the original shipping solution (Hibernate E with B27). The cell suspension was centrifuged at 1000 rpm for one minute, the supernatant removed, and the cells were re-suspended in Neurobasal media supplemented with B27, GlutaMAX, and Penicillin/Streptomycin. The cells were plated at 200
. A control surface coated with 0.1% PEI and seeded with 600 was used to condition the media of the Plasma groups of CNFs, CTFs, NFs, and TFs in order to support long-term growth; cells on plasma-only surfaces (without media conditioning) become non-adherent within one week. The cultures are kept at in an incubator at 37 and 5% .
D. Surface Charge
Prior to cell culture, surface charge was investigated by measuring the zeta potential of Plasma, 0.001% PEI, and 0.1% PEI surface treatments for NFs, TFs, and polished silicon. This measurement was performed using the clamping cell of a commercial electrokinetic analyzer with 1 mM KCl (EKA; Anton Paar). It was not possible to manufacture a stable CTF or CNF film large enough to fit the clamping cell required for this measurement; as a result, these samples have been excluded. Eight measurements were taken from each sample and averaged to produce the value from each sample at an average pH level of 7.1.
E. Cell Viability and Outgrowth Measurements
Cells were stained with a live/dead cell viability assay utilizing the vendor's protocol (Life Technologies; L-3224). In short, 5 of calcein AM (live cells-green) and 20 of ethidium homodimer-1 (EthD; dead cells-red) were added to 10 mL of Dulbecco's phosphate buffered saline 1X (D-PBS). The samples were washed with D-PBS once, and submerged in the staining solution for 30 minutes. Pictures were taken at 10x magnification. As the calcein (green) also stains neurites, the images were utilized to quantify cellular and neurite characteristics on and off of each patterned material.
Neural viability was calculated by counting the living cells and dead cells at 3 days in vitro (DIV) using the aforementioned live/ dead cell viability assay and reported as the percentage of live cells over total cell count (sum of live and dead cells). Both on-pattern (experimental substrate) and off-pattern (control silicon or glass) viabilities are reported. Cellular coverage was measured at 7 DIV by setting a threshold in ImageJ highlighting the total fluorescent cell area and quantified as a percentage of the total area of substrate; this measurement was further subdivided into neurite and soma coverage by limiting the mask threshold. Neurite length measurements were performed utilizing the NeuriteQuant toolkit in ImageJ [48] . Reported data are cell density (cells per ) and total neurite length per area at 7 DIV. . All nanofiber and thin film samples are patterned similarly.
TABLE I AVERAGE ROUGHNESS AND FEATURE WIDTH FOR EACH SUBSTRATE
Carbon nanotubes (3) and (9) refer to carbon nanotube samples with 3 and 9 bilayers, respectively.
For a biological size reference, the average width of a cortical neurite was measured with fluorescence images in ImageJ. Fig. 2 . Nanofibers and thin films treated with 0.1% PEI have a significantly higher positively charged zeta potential values. The measured zeta potentials for varying surface treatments on SU-8 nanofibers, thin films, and silicon controls. In the plasma and 0.1% PEI groups, all surfaces tested were significantly different from each other . All surfaces were treated with plasma prior to any PEI treatment.
F. Neural Adhesion Assay
A parallel plate flow chamber was utilized to study the adhesion of neurons at 4 DIV to the nanotube and nanofiber substrates (both carbon and SU-8). Specifically, a perforated silicon gasket was placed over the vacuum channel of the flow chamber. The sample was then placed on top of the gasket, cell side downwards, carefully so as to avoid bubbles. A vacuum was applied to create a seal and hold the sample in place. An area in the center of the sample was chosen randomly and photographed for cell counting. Three 60 mL syringes were filled with 1X D-PBS at 37 C and loaded onto a syringe pump. A flow rate of 180 mL/minute (251 dynes/ cm2) was applied for 30 s per sample. The same area was photographed once more after the experiment. The cells were counted before and after to quantify what percentage of cells remained following the flow trial; this value was taken as a representation of neural adhesion, or neural resistance to shear flow.
G. Statistical Analyses
One-way ANOVAs were utilized for the physical and surface charge measurements of the substrates. Repeated-measures ANOVAs were utilized for all viability, neurite, and adhesion measurements. Where significance was reported , Newman-Keuls post hoc tests were performed.
III. RESULTS
A. Surface Characterization
SEM micrographs for nanotube and nanofiber surfaces are shown in Fig. 1 . This figure clearly shows the contrasting scale between the carbon nanotube and nanofiber substrates while also demonstrating the shrinkage of nanofibers caused by the carbonization process in comparing Fig. 1(c) and 1(d) . Average roughness values are presented in Table I and range from 0.26 nm to 164 nm for carbonized thin film and carbonized nanofibers, respectively. Additionally, the average size of the topographical features for each substrate is reported (Table I) which further demonstrates the contrasting scales between the nanofibers and the carbon nanotubes. There are no values reported for the thin films as there are no significant nanotopographical features to measure (e.g., a nanofiber or nanotube). We found that the average width of neurites was statistically larger than all features with the exception of the SU-8 nanofibers ( ; ).
B. Surface Charge
We investigated how surface charge might correlate to the toxicity seen in our 0.1% PEI viability results. At an average pH of 7.1, the surface charge (as measured by ) varied dependent on the physical structure of the sample as well as the specific surface treatment (Fig. 2) . The PEI treatment yielded positive values, whereas the plasma-only treatment yielded negative values. SU-8 nanofibers and thin films treated with 0.1% PEI had significantly higher values in comparison to polished silicon under the same conditions ( ; ). Diluting the PEI solution to 0.001% resulted in similar values across the measured groups. The data suggest that the nanofiber substrates are especially attractive to PEI in comparison to controls or flat substrates.
C. Neural Viability
The neural viability assay was performed across several concentrations of PEI at 3 DIV (Fig. 3) . For both CNT substrates, the neural cell viability showed no significant difference to each paired control; both of these groups utilize 0.1% PEI in their deposition procedure. This concentration of PEI is an industry standard which supports neural outgrowth on many substrates including glass and culture plastic. However, with both the SU-8 and carbonized nanofibers and thin films, the concentration of PEI applied to the surface significantly impacted the neural viability in comparison to off-pattern controls. Neural viability on the substrates treated with the standard 0.1% PEI concentration was significantly lower than most other treatments on-and off-pattern, with the exception of the CTF group (Fig. 3 ; ; and ). Upon dilution of PEI to 0.001%, the on-and off-pattern cell viability was statistically comparable for all groups. Treatment of the substrates with 0.00001% PEI and without any PEI (plasma) yielded significantly higher cell viability on-pattern. As the 0.001% PEI concentration yielded comparable results between on-and off-pattern areas, this concentration was utilized for all further experiments with the patterned nanofiber (CNF-PEI, NF-PEI) and thin film substrates (CTF-PEI, TF-PEI).
D. Neural Outgrowth
The contrasting neural outgrowth on patterned substrates (nanofibers and thin films) treated with PEI are visualized in Fig. 4 . The density (per ) of adhering cell bodies was quantified at 7 DIV across paired experimental (on-pattern) and control background (off-pattern) substrates (Fig. 5(a) ). No significant differences were observed for this metric. On the carbon nanotube and TF-PEI substrates, there were fewer cells per area compared to controls, though this was not statistically significant. This demonstrates that the cells had positive growth across all of the tested substrates with no significant preference for a surface topography in comparison to the flat, silicon, or glass backgrounds. The percentage of the total area covered by cells was calculated ( Fig. 5(b) ) and subdivided into the area covered by neurites and somata. Only the SU-8 nanofiber groups had significantly higher cellular coverage on-pattern in comparison to the paired, off-pattern background ( ; ). There was also significantly higher cell coverage on SU-8 nanofibers than on all other on-pattern substrates ( ; ). Neurites account for the majority of this cellular coverage and the same statistical significances were observed for neurite coverage. The somata account for less than 10% of the total area covered in all cases and no statistical differences were observed. We also measured the total neurite length per area to quantify the length that neurites grew across each substrate with respect to total substrate area (Fig. 5(c) ). We found that the total neurite length per area is significantly higher on the SU-8 nanofibers with and without PEI ( ; ). We also found that the TF-PEI group had significantly less neurite length per area in comparison to the respective off-pattern control ( ; ). The results suggest that the size of the SU-8 nanofibers is ideal for more extensive neurite outgrowth; this shows that neurites prefer a growth substrate with physical features of a similar size.
E. Neural Adhesion
Adhesion results revealed substantial differences among substrates (Fig. 6) . We tested CNF, NF, CNT-3, and CNT-9 within a parallel plate flow chamber to assess the ability of the neural network to resist shear flow on different substrates with highly contrasting roughnesses. We show that nearly half of all neurons on 0.1% PEI control substrates remained post-shear stress. Both the CNT-3 and the CNT-9 were statistically indistinguishable from these controls. The CNF and NF samples treated both with and without 0.001% PEI were also statistically similar to the 0.1% control substrates. However, the neurons on the nanofibers were significantly more resistant to the shearing flow than the off-pattern controls, treated with the same PEI concentration ( ; ).
IV. DISCUSSION
A. Concentration-Dependent PEI Toxicity on Patterned Substrates
Cationic polymers, especially PEI, can be cytotoxic when exposed to cells in solution by way of disrupting the cellular membrane, causing membrane leakage, and the cessation of cellular metabolic activity, suggesting penetration through the cellular membrane [40] . This toxicity has also been shown to be dependent on the molecular weight of the PEI [49] . Though PEI in solution can be toxic, it is known to be an effective facilitator of neural cell growth at high and low molecular weights when immobilized on the culture surface following a thorough rinsing step [17] , [41] , as it is also evident in our study.
We found that all of our substrates supported viable neural cell outgrowth under most conditions tested. Surprisingly, some patterned samples treated with 0.1% PEI (a common PEI concentration for supporting neural outgrowth) suffered from significantly decreased cell viability in contrast to off-pattern controls. Treated with 0.1% PEI, patterned SU-8 nanofibers and thin films demonstrated cellular viabilities well below 20%. These results suggest that SU-8 attracts more PEI molecules which can cause more cytotoxicity. To compare the levels of PEI on different substrates with varying PEI-treatment concentrations we analyzed the zeta potential of each substrate. We found that at 0.1% PEI, SU-8 nanofibers and thin films have a significantly higher than polished silicon with the magnitude of the NFs over three times larger than the TFs. This effect is eliminated when reducing the PEI concentration to 0.001%, resulting in similar levels across all substrates. This means that there is a very strong positive charge on the NF and TF substrates when treated with higher concentrations of PEI, with an especially high charge on the nanofibers; this could be explained by more PEI bound to the NFs or TFs which would contribute to higher zeta potentials. The larger values for the 0.1% PEI-treated NFs suggests that the nanostructure of the nanofibers may trap or collect significantly more PEI molecules. The plasma-treated substrates demonstrated highly negative values and with significant differences across all groups but will support neural growth for a limited period of time (without media conditioning) on all substrates. The short term cellular viability of the Plasma-treated substrates are more likely driven by increasing the hydrophilicity of the substrate. However, long-term viability likely requires a combination of increased hydrophilicity and positive surface charge which can be accomplished with a PEI treatment. These results suggest that there is an ideal range of surface charge which supports long-term neural viability, effectively a near 0 mV. The results also suggest that a which is very positive ( 60 mV) can result in a significantly more toxic surface.
Carbonized nanofibers also demonstrated a significantly lower cellular viability when treated with 0.1% PEI solution. However, the same effect was not observed on the carbonized thin film substrates as these substrates were similar to controls. Due to manufacturing limitations, we were unable to analyze the zeta potentials of the carbonized substrates. However, preliminary x-ray photoelectron spectroscopy (XPS) results (not shown) have suggested that carbonized nanofibers collect more PEI molecules when treated with higher PEI concentrations than off-pattern controls (determined by comparing nitrogen peaks which are exclusive to PEI molecules). These preliminary results and the lack of toxicity on carbonized thin films further suggest that the topography of the nanofibers (both SU-8 and carbon) has a significant effect on the level of PEI collected by the surface. Further experimentation is required to fully characterize the mechanism of this toxic phenomena as well as testing if similar results can be observed with other cationic polymers.
B. Neural Growth Preference on Larger-Scale Topography
No significant differences in cell densities after 7 DIV were reported . Neural somata had positive outgrowth on all substrates without demonstrating a preference for any specific topography. This suggests that none of the nanomaterials strongly attracts or repels cell bodies. The neural cell bodies, at approximately 10 in diameter, are significantly larger than the topographical features of the nanofiber, nanotube, and thin film depositions. It is possible that somata growth is not significantly attracted or repelled by smaller topographical features, unlike what has been shown previously in neurites [15] , [50] - [52] . However, there was a noticeable contrast between the on-pattern cell densities of the SU-8 thin film and all nanofiber groups (comparing Fig. 4(a) and  4(c) to 4(b) ). This contrast could prove to be useful in future experiments by pairing SU-8 thin film (as an insulator) and carbonized nanofibers (as an electrode material) to draw cells to adhere to the conductive, nanofibrous CNF substrates; as the strongest extracellular signals are recorded from electrodes in proximity to cell bodies, this could potentially yield an electrode capable of encouraging growth onto the electrode area and recording from more neurons.
We also wanted to observe how these materials affected the outgrowth of neurites. We found that the SU-8 nanofibers had a positive effect on the degree of neurite integration with the nanofiber matrix. After 7 DIV, neurites covered a significant percentage of the total nanofiber matrix, which also was accounted for in the total length of neurites per unit area of nanofiber matrix. Interestingly, this result was not replicated for any other substrate tested, including carbonized nanofibers and carbon nanotubes. This result suggests that neurites prefer to follow and grow on like-sized topographical cues on the surface. It has been shown previously that neurites like to follow large surface cues, such as walls, and features similar in size to neurites [15] , [50] - [52] . However, it has also been shown that substrates with small-scale features (e.g., carbon nanotubes) can have a positive effect on cellular outgrowth [14] , [53] . Considering these studies, we had expected to find an increase in neurite outgrowth on all of our tested nanofibers and nanotubes. However, the results show that neurite growth is most greatly enhanced by topographical features of a similar scale to the neurites; unfortunately this was only achieved on the non-conductive, SU-8 nanofibers.
Alternatively, it is possible that potential chemical (e.g., surface chemistry) or mechanical differences (e.g., modulus of elasticity) of the materials have a more significant effect on the neurite outgrowth. Prior to cell culture there are significant changes to the surface chemistry of the SU-8 and CNF substrates due to oxygen plasma treatment which includes increased wettability and increased acidic and carbon-based functional groups (e.g., carboxyl, carbonyl, etc.) [54] , [55] . However, it has also been shown that, when exposed to a cell culture environment (e.g., culture media), the substrate continually accumulates a biofilm consisting of proteins and cell matter [56] . As a result, the unique surface chemistries on each of the substrates in this study are likely increasingly obfuscated by the buildup of a biofilm beginning with exposure to culture media. This may result in similar chemical profiles across all substrates (nanofibers and thin films) over time. Though this chemical profile will have an effect on cellular viability and outgrowth, it is likely that the large topographical differences between the substrates may have a stronger impact on the outgrowth observed in this study. Future studies will fully characterize the chemical profile of these nanofiber substrates in a cell culture environment at different time points. Further, it has been shown that the stiffness of a substrate can affect neural outgrowth and the differentiation of neural stem cells [57] . However, it has also been shown that embryonic cortical neural growth (like the neurons utilized in this work) is insensitive to substrate stiffness suggesting that this phenomena is cell-specific [58] , [59] . Given that cortical neural growth has been shown to be relatively unaffected by the mechanical properties of a substrate, it is probable that, as suggested in previous literature [50] - [52] , the size of the nanofibers have a stronger effect on the neurite outgrowth. This result suggests that increasing the size of the carbonized nanofibers (after shrinkage due to carbonization) would enhance the potential for electrodes to attract neurons and neurites.
C. Neurons Resist Shearing Flow on Rougher Substrates
The measurement of neural adhesion, by way of resistance to shear stress, has not been investigated extensively or at all. However, this assay can provide a unique method for observing how well neurons integrate with these substrates. In both PEI and plasma samples, neurons located on both carbonized and SU-8 nanofiber substrates were significantly more resistant to the shear flow when compared to their paired controls. The adhesion of neurons on these samples treated with 0.001% PEI is not significantly different from the 0.1% PEI controls. However, the decrease in the concentration of PEI negatively affects cell adhesion on paired control substrates. This suggests that the nanofiber substrates are simply more effective at attracting the PEI molecules, thus resulting in cell adhesion similar to 0.1% PEI controls. However, the adhesion of the neurons on the plasma-treated NF substrates was also statistically comparable to the 0.1% controls. This suggests that the topography of the nanofiber substrates has some effect on the resistance of the neurons to the shearing flow.
These results demonstrate that the cells are able to resist shear stress more effectively on the nanofibers regardless of surface treatment. It is possible that the surface topography can act as a substitute for charge-based adhesion. By introducing a physical topography, less adhesion factor (e.g., PEI, PDL, PLL, etc.) is required to achieve similar results potentially providing more flexibility for in vitro and in vivo experimental designs. The improved adhesion on the nanofiber topography could be attributed to a couple of factors: 1) the neurons are able to anchor to a larger surface area resulting in stronger resistance to shear stress or 2) the neurons sink into the CNF matrix in which they avoid more of the shearing flow. Though this method has not demonstrated the mechanism of the neural resistance to shearing flow, either of the aforementioned factors contributing to the adhesion are positive in terms of the nanofibers' usefulness as neural microelectrode materials. An ideal neural microelectrode, in addition to having attractive impedance and conductivity characteristics, would attract neural integration with the electrode. In either case, each neuron is in contact with a larger surface area on the nanofiber matrices as opposed to flat controls. This would potentially result in tighter coupling at the cell-electrode interface or more neural contact with electrode materials which would increase an electrode's ability to collect neural signals and improve the signal-to-noise ratio. This cellular integration means that these nanofibers are of particular interest for designing future microelectrodes.
V. CONCLUSION
We have established that our substrates are viable for neural growth, the efficacy of which depends upon surface treatment and surface topography. We have shown that there is a significant correlation ( Fig. 5(b), (c) ) between the topographical scale of substrate features and neurite outgrowth. Correspondingly, the number of neurons resistant to shear stress on the rougher, larger scale nanofiber substrates was significantly higher than that of controls regardless of surface treatment. All of the results in this study suggest that some feature sizes and surface charges of rough substrates have a direct effect on neural outgrowth. In future experiments, a focus on increasing the size of the carbonized nanofibers will be emphasized to potentially replicate the extensive neurite outgrowth on the SU-8 nanofibers (Fig. 4(a) and Fig. 5(b), (c) ). There may also be an opportunity to further explore the method of toxicity at specific concentrations of PEI; it is possible that these nanofibers slowly release PEI from within the interstices of the matrix, which may be utilized in controlled molecule or drug release applications. Ultimately, the carbonized nanofibers are most attractive as a microelectrode material and we have begun to analyze the electrical properties of the material in microelectrode form [45] , [60] . The facilitation of neural outgrowth on microelectrodes consisting of carbonized nanofibers, with an optimized surface treatment and nanofiber scale, could result in more effective neural signal detection and generally improved microelectrodes. The neural outgrowth onto the microelectrodes could be further accentuated by utilizing SU-8 thin film as an insulator; this design would support neural outgrowth while encouraging more neural growth onto the nanofiber microelectrodes.
